In chronic forms of renal disease the capacity to excrete acid, and in particular ammonia, is reduced (1) (2) (3) (4) (5) . The mechanisms involved in this reduction, however, are not well understood. The excretion of acid might be decreased by a specific tubular defect in the secretion of hydrogen ions or the formation of ammonia or alternatively by total loss of function in groups of nephrons with normal tubular function in the remaining nephrons. Since the excretion of hydrogen ions is influenced to a considerable extent by extrarenal factors, it is difficult to make comparisons between normal subjects and patients with renal disease, who often have alterations in systemic acid-base equilibrium, solute load, and salt excretion. To overcome such limitations, Morrin, Bricker, Kime, and Klein (6) employed an experimental model of unilateral disease in the dog that allowed examination of the diseased kidney in the same milieu as the normal kidney. In man, except for a few observations in renal arterial stenosis (7) (8) (9) (10) , the acidifying capacity of the diseased kidney has not been studied in a comparable way.
The present investigation was undertaken to examine the mechanism of acid excretion in forms of human renal disease confined to one kidney or involving one kidney to a greater extent than the other. Patients with predominantly unilateral pyelonephritis, renal infarction, and other forms of renal vascular disease were studied comparing the diseased with the "normal" kidney.
The excretion of ammonium and titratable acid by the diseased kidney was found to be proportional to the size of the functioning nephron mass, and urine pH was the same in the diseased and normal kidneys. This general relationship was preserved following ammonium chloride loading. In patients with renal arterial stenosis, however, the affected kidney tended to elaborate a more acid urine than its mate.
Methods
Observations were made on 12 patients with predominantly unilateral renal disease selected from the wards of the New York University Medical Services of Bellevue Hospital. Eight had disease of the renal parenchyma (group I), and four had stenosis of one main renal artery (group II). To provide control observations on acid excretion in the separate kidneys in the presence of symmetric impairment of function, data are presented for three additional patients with diffuse bilateral renal disease, either chronic glomerulonephritis or nephrosclerosis (group III). In group I, pyelonephritis was present in three patients, renal infarction in one, renal atrophy in two, and hypoplastic kidneys with decreased function in two patients. In group II, three patients had atherosclerosis and one fibromuscular hyperplasia of the main renal artery. Brief case reports are given in the Appendix. None of the patients had azotemia or metabolic acidosis. minute to ensure a satisfactory urine flow. The subjects assumed the recumbent position about 1 hour before study and remained recumbent during study. Urine was collected from the separate kidneys according to previously described techniques (11) . The ureteral catheters were allowed to drain directly into graduated cylinders containing mineral oil. Determinations of inulin, para-aminohippurate, osmolality, sodium, potas- Urine pH and renal acid 
Results
Acid excretion in the separate kidneys of patients with predominantly unilateral renal disease (group I). In Table I values for urine pH, ammonium, and titratable acid excretion are compared in the diseased and contralateral kidneys of eight patients with predominantly unilateral parenchymal disease. Cin and CPAH were significantly decreased in the diseased kidney, whereas values for the contralateral kidney were within the normal range for all patients except R.L. In three of the patients a second study was carried out after ammonium chloride loading (lower section of Table I ). The pH of the urine from the diseased and the normal kidneys was approximately the same in nine of the 11 studies; in the first study of M.J. and the second study of M.P. urine pH was from 0.4 to 0.7 U higher in the diseased kidney.
Ammonium excretion was decreased in the diseased kidney in all studies and TA excretion in all those in which it was measured. When expressed per unit of GFR, however, ammonium and TA excretion were closely comparable in the two kidneys. This is further demonstrated in Figures 1 and 2 . Following ammonium chloride loading, at higher levels of ammonium and TA excretion, the excretion rates per unit of GFR were again the same in the diseased and the normal kidneys. The per cent of EFNa was somewhat greater in the diseased kidney in six of the 11 studies. In these studies there was also a greater urine flow per unit of GFR (not tabulated). Despite these differences the excretion of ammonium and TA was approximately proportional to GFR. In two of these studies a slightly higher pH was observed in the urine from the diseased kidney in association with a higher excretion of sodium and water per unit of GFR.
Potassium excretion was decreased in the diseased kidney in proportion to the decrease in GFR. Acid excretion in the separate kidneys of patients with unilateral renal arterial stenosis (group II). In Table II , data are presented for four patients with unilateral renal arterial stenosis and decreased excretion of sodium and water in the affected kidney. In two of the patients C1 and CPAH were in the normal range in the contralateral kidney; in the other two there was bilateral decrease in function. In all four, urine pH was lower in the kidney with the greater sodium reabsorption. Marked differences in urine pH were observed in H.J. and G.B. and smaller differences in C.R. and M.C. In H.J. ammonium and TA excretion were increased per unit of GFR in the aggerated natriuresis in both studies of G.B. even ease and closed triangles patients with renal arbefore administration of sodium sulfate; in each terial stenosis. In the patients with parenchymal instance this exaggerated natriuresis was associ-disease the pH values were similar in the two ated with alkaluria. C.R. and M.C. had small or kidneys, with the diseased kidney having a slightly minimal increases in the excretion rates of am-more alkaline urine in a few instances. In the monium and TA per unit of GFR in the kidney patients with renal arterial stenosis the urine from with renal arterial stenosis. the affected kidney was regularly more acid than Potassium excretion was lower in the antinatri-the urine from the contralateral kidney. uretic kidney, and a slight decrease in the excreControl observations in patients with diffuse bition rate was still present after correction for lateral renal disease (group III). In Table III GFR in most of the collection periods except for representative data are given for the separate kidone collection in G.B. at the height of sodium neys of patients with symmetrical renal disease. sulfate diuresis.
Values for urine pH and ammonium excretion In Figure 4 urine pH values in the diseased are shown for one patient with chronic glomerulokidneys are plotted against the simultaneous nephritis and two patients with arteriolar nephrovalues in the contralateral kidneys. Open tri-sclerosis. Symmetrical decreases in GFR, renal angles represent patients with parenchymal dis-plasma flow, and salt excretion were present. (13) (14) (15) (16) . Similarly the diluting capacity of the tubules, as judged from solute-free water formation, remains proportional to GFR in a wide variety of renal diseases (17) (18) (19) . GFR, therefore, may be considered to provide an estimate of tubular mass or of the size of the functioning nephron population.
In the forms of human renal disease examined in our patients with unilateral involvement the excretion of ammonium was the same in the diseased as in the control kidney if expressed per unit of GFR. This proportionality between ammonium excretion and functional nephron mass was observed at different levels of ammonium excretion. Since the pH of the final urine was closely comparable in the diseased and the normal kidneys, we may assume that tubular fluid pH and hence the H+ gradient determining the diffusion of ammonia into tubular fluid were similar. This would suggest that the decreased ammonium excretion by the diseased kidney is due to decreased ammonia production. The observation that this decrease was proportional to the reduction in GFR is consistent with the view that there is no limitation to ammonia production other than a decrease in the functioning nephron mass.
With the exception of two of the studies, the urine of the kidneys with parenchymal disease was acidified to the same extent as that of the control kidneys. Even after ammonium chloride loading, a similar He gradient was reached in the two kidneys between final urine and peritubular blood. Although the H+ gradient was not necessarily maximal, urine pH values as low as 5 were observed in the diseased kidney.
The fact that titratable acid excretion was proportional to GFR in the presence of similar urine pH suggests that the availability of buffer was also a function of nephron mass. In at least four of the studies urine pH was sufficiently low to indicate that filtered bicarbonate was completely reabsorbed. In these studies not only net hydrogen ion excretion (estimated as the sum of ammonium and titratable acid excretion) but also total hydrogen ion secretion (estimated as bicarbonate reabsorption plus net hydrogen ion excretion) were the same per unit of GFR in the diseased and the normal kidneys. Hence, in the conditions studied, no specific tubular defect could be demonstrated for either the secretion of He or the formation of ammonia. This preservation of glomerulotubular balance for acid excretion in man is in accord with observations by Morrin and his associates (6) in dogs with unilateral pyelonephritis and aminonucleoside nephritis.
How glomerulotubular balance in respect to H+ secretion is preserved in the diseased kidney is not well understood. According to the intact nephron hypothesis, function is lost completely in diseased nephrons and remains intact in groups of surviving nephrons. Although this hypothesis offers an attractive explanation for the preservation of glomerulotubular balance, our observations do not exclude the possibility that diseased nephrons contribute to renal function and that glomerulotubular balance is maintained by some mechanism of regulation in each nephron, whether it is diseased, atrophic, or hypertrophic.
The observed proportionality between GFR and the tubular capacity to excrete acid in these patients with pyelonephritis, renal infarction, and atrophy does not indicate that specific tubular defects may not occur in other forms of renal disease, as in renal tubular acidosis (20) , hypercalcemic nephropathy (5, (21) (22) (23) , or the kidney in gout (24) .
The excretion of sodium and water was somewhat greater per unit of GFR in the diseased than in the normal kidney in six of the 11 studies (Table I) . Hence, the proportionality between GFR and renal acid excretion was better than that between GFR and sodium and water excretion. In the two instances in which urine pH was slightly higher in the diseased kidney, acid excretion was nevertheless proportional to GFR. A slight sodium diuresis per unit of GFR has also been observed by Morrin, Gedney, New-mark, and Bricker (25) in the experimentally diseased kidney. In their observations in the dog, increased excretion fractions of sodium were associated with slight increases in bicarbonate excretion in the diseased kidney but not with significant changes in ammonium and TA excretion per unit of GFR.
Although renal acid excretion was determined primarily by the size of the functioning nephron population and urine pH was similar in the two kidneys in unilateral parenchymal disease, in our patients with renal arterial stenosis the urine was acidified to a greater extent in the affected kidneys than in the contralateral kidneys. Similar aciduria in renal arterial stenosis has been observed in case reports by Gowenlock and Wrong (8) and Yendt, Kerr, Wilson, and Jaworski (7).
In the present study, subject G.B., who had the greatest disparity in the excreted fraction of sodium between the two kidneys, also had the greatest disparity in urine pH. In this subject ammonium and titratable acid excretion were increased per unit of GFR in the affected kidney. Because of the bicarbonate diuresis in the contralateral kidney, the disparity in net acid excretion was considerably greater than that in the sum of -ammonium and TA excretion. In the other cases smaller increases in the excretion of ammonium and TA per unit of GFR were observed. The significance of these increases depends on the validity of using GFR as a measure of nephron mass in renal arterial stenosis. It is possible in this condition that filtration rate per nephron is decreased and that the excretion of ammonium and TA per nephron mass is unchanged.
The consistently lower urine pH in the affected kidney might be attributed to increased secretion of hydrogen ions in exchange for reabsorbed sodium or to a greater fractional reabsorption of anions that may buffer hydrogen ions.
Whatever the mechanism of aciduria may be, these observations in patients with renal arterial stenosis appear to modify the general relationship noted in unilateral parenchymal disease of the kidney between GFR and acidifying capacity.
'Summary The excretion of acid by the diseased kidney was studied in unilateral renal disease in man by comparing the diseased kidney with the "normal" or less affected kidney. Eight patients with parenchymal disease and four with stenosis of the main renal artery were examined.
In the patients with parenchymal renal disease (pyelonephritis, infarction, atrophy) the excretion of ammonium and titratable acid in the diseased kidney was decreased in proportion to the decrease in functioning nephron mass as estimated from glomerular filtration rate (GFR). Even after ammonium chloride loading, urine pH and ammonium and titratable acid excretion per unit of GFR remained similar in the diseased and normal kidneys. Hence, in the diseases studied no specific tubular defect could be demonstrated for either the secretion of hydrogen ions or the production of ammonia.
The proportionality between GFR and the tubular capacity to excrete acid observed in unilateral parenchymal disease was modified in the four patients with unilateral renal arterial stenosis in whom the urine from the affected kidney was acidified to a greater extent than that from the contralateral kidney
Appendix
Patients listed in Table I C.C. Atrophy of left kidney. A 42-year-old Negro man with a 2-year history of hypertension. Blood pressure, 170/120. Grade I hypertensive retinopathy. Urinalysis normal and urine culture sterile. Chest X ray and ECG normal. Intravenous pyelography revealed a shrunken left kidney with crowding of the calyceal system and a normal right kidney. Aortography demonstrated a small left renal artery without evidence of obstruction. Biopsy of the left kidney revealed arteriosclerosis of the small arteries and arterioles; ten of 22 glomeruli in the specimen were completely hyalinized; interspersed with these were glomeruli that appeared normal. 
